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TRANSFORMATION TOUGHENING

PART 1: SIZE EFFECTS ASSOCIATED WITH THE THERMODYNAMICS
OF CONSTRAINED TRANSFORMATIONS

F.F. Lange
Structural Ceramics Group

Rockwell International Science Center
Thousand QOaks, California 91360

Abstract

The thérmodynamics of the constrained phase transformation is presented
with particular reference to size effects introduced by surface phenomena con-
current with the transformation, e.g., the formation of solid-solid surfaces
(twins, etc.) and solid-vapor surfaces (e.g., microcracks). It is shown that
these surface phenomena not only introduce a size dependent energy term into the
total free energy change, but also reduce the strain energy associated with the
transformation, which can result in a transformation at a temperature where
14G¢| (the chemical free energy change) < Uge (the unrelieved strain energy
associated with the constrained transformation). The results of this analysis
lead to a phase diagram representation that includes the size of the transform-
ing inclusion. This diagram can be used to define the critical inclusion size
required to prevent the transformation and/or to obtain the transformaticn, but

avoid one or more of the concurrent surface phenomena.
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1.0 INTRODUCTION

It has been shown that a stress-induced, phase transformation can be
used to increase the fracture toughness of brittle materfials based on Zroz.(l'S)
Metastable, tetragonal Zroz is the toughening agent. Transformation to {its
.stable, monoclinic structure in the vicinity of the crack front is believed to
be responsible for the increased fracture toughness. In fabricating these
tougher mater .is, it has been found that retention of the tetragonal structure
to room temperature (or below) is critically dependent on the size of the
microstructure. Namely, a critical grain size or inclusion size exists, below
which the high temperature tetragonal phase can be retained and above which

retention 1s not observed.

Two questions arise from these observations: 1) How can the tetragonal
structure be retained upon cooling from its fabrication temperature when it
usually undergoes a transformation? 2) How does the stress-induced transforma-
tion contribute to fracture toughness? In this part of a series of articles,
the theoretical aspects of phase retention will be presented by examining the
factors that affect the thermodynamics of a constrained phase transformation.
Other articles in this series will address the theory of the toughening
phenomena and experimental aspects concerned with phase retention and fracture

toughness for materials in the Ir0,-Y,0; and Al1,03-Ir0, systems.

2
C2707A/ jbs

PR w,..a.gw»w' L S ZWRST S
L 4
AN N




| ‘l Rockwell International
| ScHiptgtrCenter

2.0 THE Ir0p(t) » 2r0,(m) TRANSFORMATION

Although the succeeding sections are general for any transformation,
the ZrQ,(t) + Zr0,{(m) transformation will be used as an example. The tetragonal
+» monoclinic transformation in this system is athermal, diffusionless and in-
volves both a shear strain and a volume chaqgg. The reader is referred to
reviews by Subbarao et a1® and Heuer and Nord’ for details. Although some
differences of opinion exists, Bailey,8 Bansal and Heuer,9 and more recently,
Buljan et a110 have shown that the orientation relation between the monoclinic
i and tetragonal (fcc) unit cells is given by (110,) l{lOOt} and [100,]1 1 [001,],

which can be represented by the “stress-free" or unconstrained strain tensor

N 90-8
( a_ cos (‘1F‘4 -a \ -
N m W t 0 tan (gglﬁ)
b - a
Et = 0 ma t 0 (1)
t
90-8
90-8 Cp 08 (=57 - ¢,
\ tan ('—T) 0 ct /

where a, b, ¢ are the cell dimensions of the respective tetragonal (t) and mono-

clinic {m) structures, and B (<90°) is the monoclinic angle. Substituting the
appropriate crystallographic data into Eq. (1), it can be shown that the
transformation involves a large shear strain (~ 8%) and a substantial volume

increase (3 - 5%)."

*The crystallographic data of Pratil and Subbarao(ll) can be extrapolated to
room temperature to show that the volume {ncrease changes from 3% at 1150°C to
4.5% at room temperature; g is relatively insensitive to temperature.

3
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Ouring cooling, the tetragonal + monoclinic transformation of pure Zr0,
begins at ~ 1200°C and proceeds over a temperature range (e.g., 1200° to ~ 600°C)
until the transformation is complete.6 Alloying oxides (e.q., Y;03, Ce0y, etc.)
Tower the transformation temperature. In this regard, the Zr0, - Y,0; system
has been best stuided. Srivastaba et allZ have shown that additions of Y05 to
Ir0, lowers the transformation temperature to 565°C where a eutectoid exists at

~ 3.5 m/o Y,05. Scott13 and Stubican et allé appear to be in agreement.
3.0 THERMODYNAMICS OF A CONSTRAINED TRANSFORMATION

Classical theory has shown that retention of the tetragonal structure
depends on the magnitude of the strain energy arising from the elastic con-
straint imposed by surrounding material on shape and volume changes associated
with the transformation. Constraint can arise from several sources. First, if
the polycrystalline body is single phase, neighboring grains, each with a dif-
ferent crystallographic orientation, will constrain the anisotropic strain of
one another. Second, the transforming phase can similarly be constrained by a

second phase matrix, as for the case of a two-phase material. The strain energy

arising from these constraints can be reduced by microcracking and/or plastic
deformation (e.g., twinning). Namely, both microcracking and twinning can

accommodate some of the volume and shape change associated with the transforma-

tion and can reduce the constraint imposed by the surrounding material. Thus, as
will be shown, retention of the tetragonal phase not only depends on the elastic
properties of constraining material, but also on the possible occurrence of

microcracking and/or twinning during transformation.

s
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3.1 Chemical Free Energy vs Strain Energy

To examine the thermodynamics of the constrained Zr0,(t), + Zr0,(m)
reaction, let us first consider a stress-free, spherical inclusion of the
tetragonal phase embedded within a matrix material as shown in Fig. la. On
transforming to its monoclinic phase,* a state of stress arises within both the
transformed inclusion and the surrounding matrix because of the constrained
volume and shape change. The differential free energy (Aﬁt¢m) between these

two states per unit volume of transformed material s

- o€ c m t m t
Gy ;= Gy - G * Uge “Uge * Us - Ug
or
= e
AGt‘m AG” + AUse + AUS . (2)

where AGC is the chemical free energy (dependent on temperature and composi-
tion), aUg, 1s the strain energy associated with the transformed particle (for
the case considered here U:e = 0 and Mgo = Uge) and surrounding matrix which is
usually less sensitive to temperature and composition, and AUg s the change in

energy associated with the inclusion's surface.

*It 1s assumed throughout this paper that the whole inclusion transforms in a
spontaneous and uniform manner. Although this assumption neglects the con-
ditions for the nucleation and growth usually associated with these trans-
formations, it does allow us to examine the 1imiting condition concerning the
thermodynamic stability of the constrained inclusion.

5
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{b)

Fig. 1 a) Constrained transformation where initial state (t) is stress free,
b) initial state under residual stress (o).
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The condition for the transformation requires that ABt - 0, or from
Eq. ()"

c m
|AG|>U“*AUS . (3)

It can be seen that since U:e is always positive, the constrained transforwmation
temperature will be lower than for the unconstrained case (186°1 > US" That

is, constraint lowers the transformation temperature.

The magnitude of the strain energy will depend on the elastic proper-
ties of the transformed inclusion and the surrounding matrix, the inclusion
shape, and the transformation strain. Eshelby“s) has shown that

m 1 1 t
Use = 7 %3 51y (4)

I defines the uniform stress state within the transformed inclustion,

where o
and % 1s the “stress-free" transformation strain (e.g., given by Eq. (1) for

Z"Oz(t) + Z"Oz(ﬂ) ).

The effect of the elastic properties of the constraining matrix can be
examined by assuming that the transformation only involves an isotropic volume
expansion, viz e:j s % av/y 511' With this assumption it can be shown that for

the case of a sphere

*Throughogt this paper, only temperatures where AGC is negative are considered,
thus -aG® s written as |AGS| for convenience.

7
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K
Ve "% 7 ()
where
‘ K = leez — (6)
V1'% 2751

and E; 5, vy 5 are Young's modulus and Poisson's ratio of the matrix (1) and
transforming particle (2). That is, the greater the elastic modulus of the

{ constraining matrix, the greater the strain energy and, thus, the lower the
potential transformation temperature, i.e., the constrained transformation
temperature will be inversely proportional to the rigidity of the constraining

matrix.*

Alloy additions that lower the unconstrained transformation temperature
(1.e., additions such as Y,03 that decrease |AG®|) will also lower the

constrained transformation temperature.

3.2 Effect of Residual Stresses

In the preceding secticn it was assumed that the initial tetragonal
state was free of residual stresses. This is not the normal situation since

residual stresses will arise during fabrication (e.g., during cooling from the

. *It should be pointed out here that the strain energy term in Eq. (2) is only
z significant for reactions involving relatively small changes in chemical free
energy (< severgl Kcal/mol). 1t is usually neglected for most chemical reac-
tions where 1AG°] >> AUg,.

8
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fabrication temperature as a result of thermal expansion mismatch with the
matrix phase). As will be shown, these residual stresses will efther increase
or decrease the strain energy term in Eq. (2) and thus influence the potential

transformation temperature.

Figure 1b fl1lustrates the spherical tetragonal inclusion in a state of
residual stress and its transformed, monoclinic state. The residual stress
state is defined by ¢ which according to Eshelby, arises from a “"stress-free"
strain e'. e.9., the strain an unconstrained inclusion would exhibit due to

thermal contraction. The strain energy associated with the tetragonal state f{s

Using the principle of superposition, it can be shown that the strain energy in

the transformed, monoclinic state is

m 1.1 r t r
where 51 and Et are those stresses and strains defined earlier for the transfor-

mation from an unstressed tetragonal particle. The t+ sign in front of the re-
sidual stress/strain terms in Eq. (8) {s to remind the reader that the individ-
ual components of these tensors can have efther the same sense (+) or the oppo-

site sense (~) relative to the components associated with the transformatfion.

The free energy change associated with the transformation shown in
Fig. ib is

9
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a AS -ut
4Gy o= ~A6" + U:e Uge + Mg - (9)
Substituting Eqs. (7) and (8) into (9):
- € 4 0 I r r t
AGt"' -AG” + Use t aiJ E‘IJ t °1j eij + AUS » (10)

where U:e fs the strain energy defined by Eq. (4) for the case where the
tetragonal particle is initieily stress free.

Equation (10) 1ilustrates that the residual stress and strain fields
either increase or decreas® the strain energy depending on their sense. That
is, if the transformmiional rields are compressive and the initial residual
fields are tensile, the jtrain energy is diminished. If, on the other hand, the
residual field has the same sense as the transformational field, the strain
energy is increased. This latter case will decrease the transformation

temperature.
4.0 EFFECT OF INCLUSION SIZE

As mentioned in the Introduction, experiments have shown that the re-

tentfon of tetragonal Zr0, is size dependent. That is, a critical inclusion/

grain size exfsts, below which retention can be achieved and above which it

cannot. This size effect cannot be explained by the approach discussed above.

What is required is a term in the free energy expression (viz. €q. 2) which

includes the size of the transforming volume.

: 10
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4.1 Influence of aAlc

The change in the surface energy per unit volume (V) of a transformed

spherical inclusion can be expressed as

Antm = Apvy 607y - 9.7y
AUS = ) = ) (11)

where A, and A, are the interfacial surface areas, vy, and v, are the specific
interfacial surface energies in the transformed and untransformed states, V (=
/6 D3) is the transformed volume, D is the diameter of the transformed
inclusion, and g = Ay/A,. Substituting Eq. (7) into Eq. (3) and rearranging,
it can be seen that the surface energy term introduces a size effect, {.e., a
critical particle size (Dc) above which the energetics of the transformation are
statified (viz AGt-m < 0) and the transformation can proceed,

6(yy = 957,

D>0D_ =
¢ [1a6®) - A,

. (12)

Garvie(16) has used a similar argument to explain the experimental ob-
servation that unconstrained tetragonal Ir0, powders are obtained at room temper-
ature when produced with a particle size < 300A. In order to explain this size

effect with the surface energy term, Garvie had to assume that Y > gsy:.

Based on this assumption and the condition that Ause = 0 for the case of

*Garvie neglected the possibility of internal surface (twins) in the trans-
formed particlies which would have produced the same effect without the assump-
tion that v, > v,.

11
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unconstrained powders, the critical particle size (D,.) for the powder is

uc IA‘;Cl

. (13)

Substituting Eq. (13) into (12) and rearranging, the critical size for the
constrained state can be related to the critical size for the unconstiained
state by

D

. uc
Dc __Hrs:— . (14)
QL

1a6°1

Examination of Eq. (14) shows that a critical size does exist when

c
{AG”[ > Ause and that Dc > Duc’

4,2 Loss of Constraint Through Microcracking and Twinning

As mentioned above, both microcracking and twinning can accompany the
Zr0p(t) » Zr0,(m) transformation. Microcracking and twinning both relieve some
of the constraint associated with the volume change and shape change, respec-
tively. In both cases, relief of constraint decreases the strain energy associ-
ated with the transformation. As will be shown, the occurrence of microcracking
and/or twinning results in a size effect for cases when IAGCI < Ause

Let us first consider the case of microcracking. Assume that during
transformation, a small flaw at the inclusion/matrix interface extends and
becomes an arrested microcrack, as shown in Fig. 2a (see Refs. 17, 18 and 19 for

the growth requirements of such a crack). A radfal crack would be a 1ikely type

12
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Fig. 2 a) Transformation + microcracking, b) transformation + twinning,
c) transformation + microcracking + twinning.
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of crack due to the volume expansion associated with the transformed Ir0, in-
clusion. The presence of the crack will change the energetics of the trans-
formed particle in two respects. First, the crack will relieve a fraction

(1 - fc) of the strain energy, L\ PP assocfated with the uncracked, transformed

system. Second, the crack introduces new surface.

The change in free energy of this microcracked system can be written as

follows:

- _pC
A6y AG” + M f. +—+ &g . (15)

The second from last term in Eq. (15) is the energy per unit volume of trans-

formed material associated with the crack surface; A. is the area of the crack
surfaces, vy, is the fracture energy per unit area, and V is the volume of the

particle. By defining the area of the arrested crack with respect to the

inclusion's surface (A, = 02 gc) and using V = 6« 03, Eq. (15) can be rewritten

as
6y 6(v. - 9.v,)
= A€ C m s't
AGtﬂll AGT + Ause fc + T gc + —_— . (16)

Both f. and g. are numerical values that depend on the size of the arrested
crack. Previous work(le-lg) has shown that f. and g. are weak functions of the

initial flaw size responsible for the extended microcrack.

Equation (16) shows that the size of the transformed particle is now

contained in two terms, i.e., one assoctated with the energy due to the crack

and the other associated with the energy due to the inclusfon's surface. Again,

14
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the transformation will only proceed when Aﬁtam < 0, which from rearranging Eq.

(16) defines a critical size for transformation and microcracking.

D >0 = 6Lvcgc * g - 9svy)

(17)
¢ c
|aG™) - AUsefc

Examination of Eq. (17) shows that the size effect for transformation and
microcracking exists when 1a6°] > Ausefc .

Let us now consider the conditions for transformation and twinning
(Fig. 2b). In a manner similar to that discussed for microcracking, the
energetics of the constrained transformation in which the transformed particle
twins can be written as

6v,9
T
-t

- €
AG = -AG" + Ausef + (18)

tsm T U

s -
The second from the last term is the energy of the twin surface per unit volume
of transformed material. Here, the total area of the twin boundaries (AT) is
normalized by the particle's surface area (gT = AT/nDZ). The factors fy and g¢
are dimensionless values, fT <1, gT> 0; YT is the twin boundary energy per unit

area.

Similar in al) respects to the microcracking phenomena, a critical

particle size exfsts, above which transformation and twinning is possible:

. (19)

Again, this size effect only exists for the condition [86°1 > AusefT.

15
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Now let us consider the case where both microcracking and twinning
accompanies the transformation, as shown in Fig. 2c. By using the same
approach: it can be shown that a critical inclusion size exists, above which

transformation, microcracking and twinning is possible:

60v 9. + o3¢ * Yy = IgV¢)
05> 0ST = c’c t°t 'm s't

: . (20)
3 c c

Likewise, the condition where this size effect will be observed is

c
us|>wwgq.

5.0 DISCUSSION

Classical theory of constrained phase transformations, as outlined in
the first part of this paper, shows that the potential for lowering the trans-
formation temperature primarily resides with the magnitude of ihe strain energy
that would arise 1f the transformation were to proceed. for a given transforma-
tion, the strain enerqy depends on the elastic propeties of the constraining

matrix and the residual strains that pre-exist in the untransformed state. The

strain energy can be maximized by maximizing both the elastic properties of the
constrafning matrix and the pre-existing residual strains which must have the
same sense as the transformatfonal strains. Residual strains of opposite sense
decrease the strain energy. For the case of Zr0,, the ideal constraining matrix
would not only have a high elastic modulus, but a higher thermal expansion

coefficient than tetragonal Zr0,.

16
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The constrained transformation temperature can also be decreased by
decreasing the change in chemical free energy (1aG¢|). This can be accomplished
by alloying with an additive (e.g., Y503, Ce0p, etc.) that is known to decrease

the unconstrained transformation temperature.

In addition to these more classical results, it has been shown that the
thermodynamics of the constrained transformation depend on the size of the
transforming volume. This size effect is introduced through surface changes
associated with the transformation. Three different surface related phenomena,
viz. microcracking, twinning and microcracking combined with twinning, have the
potential for producing a size effect for conditions where 186°| < Mg An
additional size effect can arise when |aGS| > AUse due to the changes associated
with the inclusion/matrix interfacial energy. The question now {s, which of
these size effecs is most critical and best explains the experimental

observations.

Equations (17), (19), and (20) can be rearranged to express the
normalized critical particle sizes for

a) microcracking

Ye9c
Dg b = ngtl
= , (21)
Bie | Weefe
c
b) twinning 14671
Y19
0! 1+ €7 -TQTY ]
c m- %'t
= , and (22)
U;: 1 - ey
| 46}

17
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¢) microcracking plus twinning

Y + Y9
+ cIe 177

c,T 1
IO (23)
Dhc 1 - Buéefch

1a6%1

where Duc is the critical particle size for unconstrained powders as defined by
Eq. (13). By making reasonable assumptions concerning the values of fe, fr and
relative values for the surface energy terms, one can obtain a comparison be-

tween Eq. (14), (21), (22) and (23) to judge the dominant size effects.

Recent results of Ito et a1.,(19) have shown that a single radial crack

in its arrest position relieves ~ 10% of the strain energy associated with the i
residual stress field of a spherical inclusion. Thus, a value of fo = 0.9 was
chosen. Porter(20) has calculated that ~ 70% of the strain energy for the con-
strained Zr0, transformation is associated with the shear strain. Twinning is
expected to relieve a large portion, and thus a value of fr = 0.67 was chosen, u
f.e., it was assumed that 33% can be relieved by twinning. Concerning the sur-

face energy terms, it is reasonable to assume that the cracks' surface energy is

greater than both the twin surface energy and the differential interfacial

enerqy of the two states, i.e., Y9 > Yp9r = (*h - gsyt). Values chosen are:

Ye9¢

= 10
(v = 957¢)

and

.
(v = 9574

18
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Substituting the values of these parameters into Eqs. (14), (21), (22)
and (23), the normalized particle size was plotted as a function of Ausellﬂﬁcl,

as shown in Fig. 3.

Figure 3 maps the size requirements for retaining the tetragonal phase
and indicates the type of strain energy relieving phenomena (e.g., twinning,
microcracking) that would be observed if these requirements are not met. Since
AUg, s much less dependent on temperature and alloying composition relative to
[AGE|, the axis of abscissas in Fig. 3 can either represent increasing

temperature or increasing alloy composition.

It should first be noted that the normalized critica) size for each
phenomena + » at the temperature where JAG¢] = the relieved strain energy.
Also, the rate in which the critical size decreases with temperature is
controlled by the numerator of each function. For a given Ir0, alloy, the first
size effect encountered during cooling (decreasing Ause/laﬁcl) will be that due
to both microcracking and twinning which, when combined, results in the largest
damuehsunnmwy.Atamnnmmunwemﬂeuﬁl>wugﬁ,
transformation will be accompanied by both microcracking and twinning when the
normalized size of the transforming inclusion 1ies above the curve labeled
microcracking + twinning. With a further decrease in temperture, i.e., when
IAGCI > UsefT' the size effect for transformation and twinning arises. Normal-
jzed particle sizes that fall within the area bounded by the twinning only and
microcracking + twinning curves will be transformed and twinned. Figure 3 shows
that the condition for transformation and microcracking (at temperatures where
8G® > aU__f. is only of academic interest. This size requirements is less

se ¢
stringent than the previous two. The last size effect, i{.e., due

19
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to the change in interfacial energy, which can only occur at temperatures where

C
. 18671 > aug,,

, "Twinning Only" (upper bound) and “"No Strain Energy Relief" (lower bound). This

has a limited phase field in Fig. 3 between the curves marked

phase field indicates a 1imited inclusion size range for transformation without

twinning and microcracking.

Since each of the functions illustrated in Fig. 3 defines conditions
where AGt*m = 0, it is obvious that these functions define phase boundaries.
Therefore, they can be used to construct a phase diagram to indicate the surface
phenomena that will or will not accompany a transformation in normalized
inclusion size - Ause/IAGcl(e.g., temperature) space. As shown in Fig. 4, four
phase fields are evident for the parameters used: 1) a tetragonal field, 2) a
monoclinic + twinned + microcracked field, 3) a monoclinic + twinned field, and
4) a monoclinic field without twinning or microcracking. Unlike conventional
phase diagrams, Fig. 4 includes the size of the inclusion that is introduced
through the various surface energy terms. Although Fig. 4 is derived for
specific parameters and would quantitatively change for other parameters, its
general character (i.e., phase fields) will remain unchanged if fr > f. and
Ye9e > M9t

The phase relations in Fig. 4 predict the following observations. If a
composite with a wide distribution of inclusion sizes is cooled to a temperature
where AUse/IAGcl = 1.2, there will be a range of inclusions below a critical
size still in their tetragonal state. Somewhat larger inclusions will be
transformed and twinned, and still larger inclusions will be transformed,

twinned and microcracked. If the same composite were only cooled to the
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temperature where AUsc/lAGcl = 1,55, inclusions larger than D, would be trans-
formed, twinned and microcracked; smaller inclusions would be untransformed.
Composites with a very narrow size distribution would be in only one of these
phase fields. If appropriate experimental techniques were developed to
independently observe twinning and microcracking, a composite with a wide

. inclusion size distribution could be used to experimentally determine the phase

boundaries in Fig. 4.

Since the abscissa can also represent increasing alloy composition at a
fixed temperature, Fig. 4 can be used to determine the effect of changing alloy
composition. For example, at a particular temperature and normalized inclusion
size, an increase in alloy content would shift the transformation conditions

! from one phase field to another; an inclusion-size/composition phase diagram

could be constructed at, e.g., room temperature, by heat treating a number of

=N
different alloy compositions to increase the inclusion size, and then observing
the size required for transformation, twinning and microcracking.
f Without specific knowledge of the phase boundaries, it is obvious that
: the size effects discussed above are critical in fabricating a materfal in which
\ the object is to retain the high temperature phase upon cooling. If powder

; routes are used (i.e., sintering), powder sizes < D. are required since grain
growth during sintering is inevitable. If a solid-solution precipitation route
is used, heat treatment must be controlled to avoid precipitate growth > D¢.
Thus, strict microstructural control is required to retain the high temperature

phase below its unconstrained transformation temperature.
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On the other hand, the objective of fabrication may be to achieve the
transformation but to avotd microcracking and/or twinning, as for the case of
ferroelectrics. Ferroelectric materfals are produced by constrained transforwma-
tion. Twins (domains) form during the transformation, to primarily relieve
strain energy (fn non-conducting media, domains also reduce the external
electric field due to polarization). Microcracking has also been observed to
occur during transformations. The ferroelectric literature sites several grain
3 size phenomena consistent with the agreements leading to Fig. 4. Matsuo and
sasaki{Zl) snowed that when PbTi0; is fabricated with a grain size ~ 10 \m, a
k highly microcracked body is produced upon cooling through its transformation
temperature; a non-microcracked transformed material could be produced with a

grain size of < 3 um. Buessem et al,(ZZ) indicate that as the grain size of

l BaTi03 fs reduced to ~ 1 um, twinning is prevented during the transformation,
which leads to a high permittivity. Thus, it can be seen that further work in
defining phase fields shown in Fig. 4 are of importance for a variety of useful

constrained phase transformations.
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TRANSFORMATION TOUGHENING
PART 2: CONTRIBUTION TO FRACTURE TOUGHNESS

F.F. Lange
Structural Ceramics Group

Rockwell International Science Center
Thousand Oaks, California 91360

ABSTRACT

Two approaches are taken to determine the contribution of a stress-
induced phase transformation to the fracture toughness of a brittle material.
Both approaches result in the expression:

¢ 172
2 2RECV1(|AG | - AUsef)

K. =|Kk2 + :
. ¢ 0 (l-v‘:ZT

where K, is the critical stress intensity for the material without the trans-
formation phenomenon, (}aG¢| - Usef) is the work done per unit volume by the

stress field to induce the transformation, E. and v, are the elastic properties,

-

Vj is the volume fraction of retained, high temperature phase and R is the size
of the transformation zone associated with the crack. It is assumed that only
those inclusions (or grains) close to the crack's free surface will contribute
to the fracture tbughness; thus R = the inclusion s‘ze. The chemical free
energy change associated with the transformation (1aGS|) will govern the _

temperature and alloying dependence of the fracture toughness.
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1. Introduction

The first part(l) of this series described the thermodynamics of the
constrained phase transformation with particular emphasis on the effect of the
tnclusion size. In this part, two different approaches, viz. Griffith's and
Irwin's, will be used to determine the contribution of a stress-induced phase
transformation to the fracture toughness of a brittle material. As in Part 1,
special reference will be made to the Zr0, (tetragonal} » Zr0, (monoclinic)

transformation.

2. Griffith's Approach

In this approach,(Z) the total energy of a system, defined as a cracked
body and the applied load, is determined as a function of the crack area. The
critical condition for crack extension, as first defined by Griffith, corre-
sponds to the maximum in the total energy vs crack area function. To carry out

this analysis, we first determine and sum the different contributions to the

total energy that change as a function of crack area, viz. the body's strain and
surface energies and the load's potential energy. The condition for crack
extension is then found by determining the maximum in the total energy vs crack
area function. For the needs of the present analysis, we can simplify the
analysis by choosing a crack and loading system in which all of the required
functions, except thg‘oue associated with the stress-induced transformation, are
already known. The penny-shaped crack under an applied tensile load first

analyzed by Sack(3) was chosen for this analysis.

2 4
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Figure 1 illustrates a section of the cracked body under tensile load
which contains a uniform dispersion of untransformed inclusions of volume frac-
tion V4. It is assumed that the stress field associated with the crack front
has caused inclusions to transform. As the crack extends and the stresses
within the previously transformed zone decrease, inclusions that have lost some
constraint by being either traversed by the crack or in close proximity to the
?- new fracture surfaces will remain in their transformed state. This process

leads to a transformation zone which surrounds the crack, as shown in Fig. 1.

Only those inclusions which remain transformed will contribute to the non-

recoverable work done by the loading system to stress-induce the transforma-

tion. Since the inclusion must lose constraint to remain in their transformed
l state once the crack's stress field moves, the size of the transformed zone (R)

is approximately equal to the inclusion size, viz. R =D.

Following Sack's solution to this same problem without the transforma-
tion phenomena, the increase in free energy of the body due to new crack sur-

faces is
U = nc™G . (1)

where G, 1s the critical strain energy release rate associated with the forma-

tion of new surface. The increase in strain energy due to crack extension is

2,23
8(1 - vc)cac

Use ™ _ﬁc———— , (2)
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Fig. 1 Section of a penny-shaped crack of radius ¢ within a stressed composite
containing inclusions. Hatch inclusions have been transformed during

crack extension.
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where o, 1s the applied tensile stress and E. and v. are Young's modulus and
Poisson's ratio of the composite material, respectively. The work done by the

loading system, i.e., the decrease in the potential energy of the load, is

1601 - &) £
u = - c a (3)
1 ¥ .

An additional term arises when the transformation phenomena is included
in the fracture process. Recognizing that the volume of the transformed zone is

2

27R(¢ *rR)2 = 2aR¢”, this additional term is the work done by the loading system

to form the transformed zone:

2

“2 = -ZTI'RC “vi 'Y
L where W is the work per unit volume of transformed material to induce the trans-
. formation. The minimum value of W is determined by
~ _ - c - -
Agm- AG +AUsef W=0 |, (4)

where AGC is the chemical free energy change for the reaction ZrQ0, (tetragonal)
+ Ir0, (monoctinic), Wga is the change in strain energy associated with the

transformation and (1 - f) is the loss of strain energy due to the loss of

constrajnt imposed on the inclusions during crack extension., Thus,

a - C
W AG “+ AUsef (5)

5
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and
W, = 2nRc2V, (1265) - aU__f) (6)
2 i se

Summing Eqs. (1), (2), (3), and (6), we obtain the total energy of the

system as a function of crack length:

-

2,23
8(1 - vV2)d ¢
_ .2 2 c c'’a
U= xc Go + 2mRc V‘(IAG | - AUsef) - —SEc . (7

The condition for crack extension is determined by setting &/sc = 0, which can
be used to define the contribution of the stress-induced transformation to
either the strength-crack size relation
1/2
" (6 + 2RV, (18651 - &0 )

N o= (8)
o ¢ 4(1 - Qz)c

or the critical stress intensity factor

c 1/2
2 2 2RV1Ec(lAG [ - AUsef)

K. =35=0./c =|K + (9)
c V7% 0 (1 _‘:E;

where K = [(GOEC)/(I - v‘z)]l/2 is the critical stress intensity factor of the

material without the transformation phenomenon.

*The absolute brackets are used to indicate that the sign of AGC has already
seen defined as negative in Eq. (4) for the temperature range of interest.
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3. Irwin's Approach

The same subject can be viewed with Irwin's approach.(4) where one
imposes a force field to a stressed crack tip and calculates the work required
to close it by a unit length. Irwin showed that the work per unit length of
crack closure is equivalent to the net work dissipated per unit length of crack
extension a(Use - Nl)/ac as calculated through the Griffith approach. Fracture

will take place when a(Use - Hl)/ac > G_, termed the critical strain eneryy

cl
release rate. The major difference between the two approaches is that in
calculating the net work dissipated, Irwin only needs to consider the stress
field in the vicinity of the crack tip, whereas the Griffith approach requires

complete knowledge of the stress state in the system,

To apply the Irwin approach, Yet us consider the unit of crack to be

closed to have traversed a transformed inclusion as shown in Fig. 2(a). The work

to close this unit of crack can be broken into two parts, one concerned with the
transformation(aW,) and one concerned with crack closure (aN.). The first force
field we apply would revert the fractured inclusion back to its untransformed
state as shown in Fig. 2(b) The work performed by this first force field per

unit volume of transformed material is
c
W=1aG] - AUsef (10)

where 1AG¢| is the change in chemical free energy for reverting the Ir0p inclu-
sfon from its monoclinic structure to its tetragonal structure. Alg, is 'the
strain energy assocfated with the transformation, and (1 - f) {s that portfon of

7
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the strain energy relieved during fracture. The total work done on all

inclusions within the volume 2RAc per unit crack length is
2 = c -
AW, = 2RACV.W = 2RV (14671 - & f) ac (11)

Once the inclustions have been reverted to their untransformed state,
the strain energy associated with the inclusions disappear and the crack now
looks 1ike any ordinary crack in a two phase material. At this point, the
second force field can be applied, as defined by Irwin, to close the crack by
the unit length Ac as shown in Fig. 2(c). The work performed in this operation

is

( ' aM_ =G A |, (12)

b ¢ o
where G, is the critical strain energy release rate for the composite matertal

without the transformation phenomenon.

The total work for crack closure per unit crack length which also
reverts the inclusions to their initially untransformed state is

AW oW
ML Ee g v RS - W h (13)

Thus, the contribution of the stress-induced transformation to the critical

strain enerqy release rate of the composite can be expressed as

9
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= c -
Ge = 6, + 2RV, (1465} - Ab_ ) (14)
or expressed as the critical stress intensity factor
1/2
ELG, V2 1, avE(16°) - M)
K. = = |KS + (15)
c 2 ) 2
(1 - v%) (1 - v5)
c c
4. Discussion

As expected, both approaches have led to the same expression for the
critical stress intensity factor of a material containing inclusions that can
undergo a stress-induced transformation. The expressions show that the contribu-
tion of the stress induced transformation can be maximized by maximizing a) the
volume fraction (V;) of inclusions fabricated in their untransformed state, b)
the elastic modulus (E.) of the composite, c) the factor {146} - tgof) and, d)
the size of the transformation zone (R) associated with the propagating crack

front. Each of these factors will be discussed in the following paragraphs.

-~

Maximizing the volume fraction would result in a single phase, poly-
crystalline material, e.g., tetragonal Ir0,. Here, the inclusions could be
defined as individual grains, surrounded by neighboring grains of different
misorientations which define the matrix. Each neighboring grain constrains one
another from undergoing a stress-free transformation by their anisotropic
transformation strains. Thus, from a conceptional viewpoint, a single phase,
polycrystalline material can be treated in the same manner as described above.

10
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The elastic modulus of the composite can be increased by choosing a
chemically compatible second phase with a higher elastic modulus. For the case
of Ir0p, Al503, with a modulus approximately twice that of Zr0,, would be a de-
sirable choice. But adding a second phase to increase the modulus would at the
same time decrease the volume fraction (V,) of the toughening agent. One would,
therefore, be concerned with the product of V;E. (Eq. (15)) in optimizing K..
1f we assume that the composite modulus is governed by the rule of mixtures,

viz. Ec 2 Efvi + Em(l - Vi), then the product would have the following form:
ViEc = viEi[M - Vi(M - 1)) » (16)

where M = E /E;, the modular ratio of the matrix (m) and the inclusion (i).
Differentiating Eq.(16) with respect to V;,

alV4E)

—-a-v-;———= E;(m - 2v,(M - n ., (17)
shows that the maximum fn the product relation occurs at V; = 1 when M < 2,
t.e., the greatest toughness, with other factors constant, should be obtained
for a single phase material. If M > 2, the toughness could be optimized when
Vj < 1. On the other hand, if the objective is to toughen a matrix phase
(e.g., toughening Al,04 with Zr0,), Eq. (16) shows that more toughening is
obtained for a given volume fraction the greater the modular ratio. That is,
small volume fractions (e.g9., V; < 0.3) of the toughening agent will produce

greater results the greater the modulus of the matrix matertal.

1
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The dependence of fracture toughness on temperatures and alloy content
will be governed by the factor (]aG¢] - Mgef). This is because, relative to
other factors, the chemical free energy change(aG®) exhibits the greatest change
with temperature and alloying content. For the Zr0,(t) + Zr0O,(m) reaction,
1AG¢] decreases with increasing temperature and alloying (e.g., Y203, Ce0,, etc)
content. Thus, for this transformation, the fracture toughness is expected to
decrease with increasing temperature as the factor (]aG¢| - Mgof) decreases to
zero. Likewise, K. will decrease as the alloy content in Zr0,(t) is increased.
That is, fracture toughness will be optimized at the lower temperatures and for
the least alloy content. The temperature where the contribution of the stress-
induced toughness disappears will depend on the magnitude of AU,,f. Phenomena
that help relieve strain energy during the fracture, e.g., twinning, will
decrease the value of f and thus increase the temperature where the contribution

to toughness disappears.

The major assumption used in the model to derive the K. expressions was
that the size of the transformation zone {R) was determined by the close prox-
imity of the inclusfons to the free surface formed during fracture. That is,
inclusions transformed by the stress field would only remain in their trans-
formed state. once the crack's stress field passes, if much of their constraint
was lost during crack extension. This assumption leads to the hypothesis that
the zone size would be directly related to the inclusion size (D), viz. R =D,

It is, therefore, hypothesized that K. will increase with increasing inclusion

size.

12
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It can also be argued that if inclusfons remote to the crack's surface
were to remain in their transformed state, their residual strain energy would be
greater relative to those adjacent to the crack surface. Thus, the work loss to
the fracture process for remote inclusions would be less than for inclusions
adjacent to the crack surfaces. That {s, adjacent inclusions would contribute

more to the fracture toughness than remote inclusions.
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TRANSFORMATION TOUGHENING
PART 3: EXPERIMENTAL OBSERVATIONS IN THE Zr0,-Y,03 SYSTEM
F.F. Lange
Structural Ceramics Group

Rockwell International Science Centecr
Thousand Oaks, California 91360

ABSTRACT

Materials in the Zr0,-Y,03 system (< 7.5 m/0 Y,03) were fabricated to
investigate the conditfons required to retain the metastable, tetragonal phase
and to determine the contribution of the stress-induced martensitic reaction to
fracture toughness. Retention of the tetragonal phase was optimized by minimiz-

ing porosity and maintaining the grain size below a critical valve. The criti-

.

cal grain size increased from 0.2 um to 1 um for compositions ranging between 2

m/o Yo03 to 3 m/0Y,03, respectively. These results are consistent with the

theories developed regarding the thermodynamics of the martensitic reaction in a
constrained state. In the tetragonal plus cubic phase field (compositions be-
tween 3.0 and 7.5 m/o Y,03), the critical stress intensity factor decreased from
1 6.3 wPa.mi/2 to 3.0 MPa-ml/2 as the volume fraction of the retained, tetragonal
phase decreased to zero. Theoretical results, derived from the concept that the
crack's stress field does work to unconstrain the transformatfon, are in good

agreement with the experimental results. !

1
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Introduction

The first part1 of this series presented a thermodynamic analysis to
explain the size effect associated with a constrained phase transformation. It
was shown that a critical incliusion (or grain) size exists, below which the
. constrained transformation is thermodynamically unfavorable. The size effect

arises from surface phenomena associated with the transformation, viz. twinning
and/or microcracking, which relieve constraint. These surface phenomena can be
avoided when the materfal is fabricated with an inclusion sfze less than the
critical size. 1t was further shown that the critical size could be increased
j by either increasing the elastic modulus of the constrainfng matrix or alloying

p to lower the chemical free energy change associated with the transformation.

H From a practical viewpoint, increasing the critical size can relax the
constraints imposed on the fabricator who must contend with inclusion coursening

and grain growth during heat treatment and/or sintering.

In Part 2,2 the contribution of the constrained inclusfons to the
fracture toughness was analyzed. It was shown that the energy absorbed in the

fracture process was equivalent to the work performed by the loading system to

stress-induce the transformation. The contribution of the stress-induced
transformation was thus show: to be related to the chemical free energy change
associated with the transformation, the volume of material that remains in the
transformed state during crack extension and the elastic modulus of the

composite.

2
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The present part reports the experimental work with materials in the
Ir0,-Y,03 system and is concerned with both retention of the high temperature
tetragonal structure of Zr0, and its effect on fracture toughness. Figure 1
1lustrates34 that Y505 forms a solid solution with Zr0, and lowers the
tetragonal > monoclinic transformation temperature fro= - 1200°C to ~ 565°C at a
Y,03 content of ~ 3.5 mole . Thus, effects concerned with changing the
chemical free energy could be studied with Y,03 additions up to ~ 3.5 m/o.
Figure 1 also shows a two phase, tetragonal + cubic, €ield exists between ~ 3.5
m/o Y505 and ~ 7 m/o Y203, in which a two-phase material could be fabricated to
determine the effect of the tetragonal phase content on fracure toughness. The
Ir0,-Y,03 system appeared to be useful in obtaining data that may support some
of the theoretical predictions made in Parts 1 and 2. In addition, Gupta et
a1,5 have already demonstrated that single phase, tetragonal Zr0, could be
fabricated in this system. Experimental effort was thus concentrated in three
areas: 1) effect of density on retention of the tetragonal phase, 2) the
critical grain size required for phase retention, and 3) the fracture toughness

as related to composition.

3. Experimental Procedures

Composite powders (0 - 7.5 m/o Y203) were prepared by mixing in a
mortar and pestal submicron size 1r0, powder* with the appropriate amount of

yttrium nitrate in methanol, after determining the conversion factor for the

*Zicar Corp., Florida, N.Y.
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decomposition of yttrium nitrate to Y,03. Prior to cold pressing and sintering,
the composite powders were calcined for 4 hrs at 400°C. Sintering experiments
were performed in an air environment at temperatures between 900° and 1650°C.
After sintering, densities” were obtained by either dimensional/weight measure-
ments or a water displacement technique. X-ray diffraction was used for phase
identification. Monoclinic and tetragonal phase contents were determined from
their relative intensity ratios of their respective (1T1) and (111) diffraction
peaks by using a planometer. The presence of the cubic phase was determined by

both the (311) and the (400} diffraction peaks which would split the respective

# diffraction peaks of the tetragonal phase.

| } For selected materials the critical stress intensity factor, K., was
determined at room temperatures by using the indentation technique developed by
Evans and Charles.® Prior to using this technique, the surface of each specimen
was finely polished and x-rayed to ensure that the surface was not noticeably

altered by the preparation procedure. It should be noted that rough grinding

will induce the tetragonal s+ monoclinic transformation at the surface, and the

’ damaged layer can be removed (within current detectability limits of ~ 0.5 um)7

by polishing. The intercept method was used to determine grain size on SEM

micrographs of fracture surfaces.

*The theoretical density of Zr0,/Y,0; materials were calculated from scott’s?
lattice parameter data.

5
C2707A/jbs




’l‘ Rockwell International

Science Center

SC5117.10TR

3. Results and Discussion

3.1 General Fabrication Observations

Approximately 80% of the total shrinkage occurred rapidly (< 2 hrs)
between 1150° and 1250°C; further shrinkage required temperatures > 1350°C.
Densities of 82% to 87% theoretical could be achieved at 1200°C/24 hrs. For ;
compositions containing < 6 m/o Y504, densities of 88% to 93% theoretical could
be achieved by sintering 24 hrs at 1200°C followed by 2 hrs at 1400°C. Composi-
tions containing > 6 m/o Y,03 required an additional 2 hrs at 1550°C.

3.2 Retention of Tetragonal Zr0,: Effect of Density

I Composite powders containing 2.5 m/o Y,03 were uniaxial cold pressed at

3

different stresses to achieve different grain densities and then were sintered

together for 2 hrs at 1500°C. Figure 2 plots the results of this experiment in
terms of the % retained tetragonal phase vs the % of theoretical density achieved
f during sintering. It can be concluded that the retention of the high tempera-

ture tetragonal phase at room temperature depends on the density achieved durir.

l fabrication. This conclusion shows that phase retention is directly related to
the constraint imposed by neighboring grains on one another. Porosity lowers
the elastic modulus and introduces free surface. The effect of both of these
factors would reduce the strain energy assocfated with the transformation allow-

ing larger grains and/or grains bounded by more free surface than neighboring

grains to undergo the transformation during cooHng.1

6
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3.3 Retention of Tetragonal ZrQ,: Critical Grain Size

Composite powders containing 0, 1.5, 2.0, 2.5, 3.0 and 3.5 m/o Y50,
were cold pressed and sintered for 2 hrs at temperatures ranging from 1200° to
1600°C. Detailed grain size measurements were made on the 2.0 m/o Y,03
composition as a function of temperature; these results are shown in Fig. 3.
Measurements on other selected compositions were in agreement with these data.
The phase content of each specimen was compared to the grain size measurement in
order to determine the critical grain size required to retain > 90% of the
tetragonal phase. Since densities between 80% and 90% of theoretical could only
be achieved with the sintering conditions stated, monoclinic contents < 10% were
neglected. (If full density could be achieved, the critical grainsize would be

expected1 to be somewhat smaller than those reported in Fig. 4.)

As shown in Fig. 4, a high tetragonal content could not be achieved for
the composition containing 1.5 m/o Y503, f.e., grain growth during sintering pre-
cluded an average grain size < 0.2 um. The pure Ir0, was completely monoclinic
under all conditions. More important, Fig. 4 shows that the average critical
grain size significantly increases beween 2 and 3 m/o Y,03. The composition
containing 3.5 m/o Y,03 contained a detectable amount of cubic phase, indicating
that it 1ies in the tetragonal + cubic phase field at temperatures > 1200°C (see
Fig. 1).

The increase in the critical grain size with increasing Y,03 content is
consfstent with the theortical prediction that the critical grain size would
increase as the magnitude of the change in chemical free energy decreases (see

pPart 1).

8
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3.4 Fracture Toughness

The object of this task was to measure fracture toughness as a function
of the retained tetragonal phase. Composite powders containing 1.5 to 7.5 m/o
Y503 in increments of 0.5 m/o Y503 were prepared. According to Fig. 1, composi-
tions with > 3 m/o Y503 should contain increasing contents of the cubic phase.
Sintering schedules were optimized (see Section 3.1) to produce materials with a
density in the range of 88% to 93% of theoretical. Phase identification results
were consistent with the concepts required for retention of the tetragonal phase
and the phase diagram for this system (Fig. 1). A two phase, tetragonal +
cubic, material was produced between 3 m/o Y203 and 7 wm/o Y203; the volume
fraction of the tetragonal phase decreased from one at 3.0 m/o Y203 to zero at
7.0 m/o Y,03. Only the 1.5 m/o Y503 composition contained an appreciable amount
(> 10%) of the monoclinfc phase, because the average grain size was in excess of
the critical value. The monoclinic phase was not detected in compositiuns

containing > 3 m/o Y,03.

Results of the stress intensity factor measurements are shown in Fig. 5
as a function of the Y,03 content and the volume content of the tetragonal phase.
Three indentations were used to determine Kc for each composition; data scatter
illustrates high and low values. This figure shows that Kc drops from 6.3 MPa.
m/2 to0 3.0 MPa.m/2 as the volume fraction of the tetragonal phase decreases to
zero. The 1.5 m/o Y503 composition had a relatively low K. due, apparently, to
the large amount of monoclinic phase.

The solid line in Fig. 5 was obtained from the calculated effect of the

tetragonal volume fraction on K. by using2

11
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K. = Ko"‘ N . (1)
(1 - Ve )

where:

Ko = the fracture toughness of the cubic phase (3.0 MPa~m1/2),
1 4G}

the magnitude of the chemical free energy change associated
with the transformation,

AUgef =  the residual strain energy associated with the transformed
grains near the fracture surface

Ecsve = the elastic modulus and Poisson's ratio of the composite,

R = the depth of the transformation zone from the fracture

surface, and

V; = the volume fraction of the tetragonal phase.

Equation {1) can be rewritten as

2 2

KC o

=Cv, (2)

where C can be evaluated where V; = 1.0 to predict the effect of volume

fraction. As shown, the predicted effect of the tetragonal volume fraction on K,

is in perfect agreement with the experimental values.

By assuming that the depth of the transformation zone 1{s approximately
equivalent to the grain size,2 one can use Eq. (1), the experimental values of Ke

and K,, and the expected elastic properties of the materfal to determine the fac-
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tor (1ag€| - Agaf). This factor is the work per unit volume loss during the
stress induced transformation.2 Using the values E. = 165 GPa*, Ve = 0.25 and R
= 0.5 um, the work done per unit volume of transformed material was calculated as

176 M)/m3.

3.5 Fractography ‘

Figure 6 illustrates the typical fracture surface topography of four
compositions (2 m/o Y,03, major: monoclinic, minor: tetragonal; 3.5 m/o Y503,
major: tetragonal, trace: cubic; 7.5 m/o Y,03, major: cubic; 5 m/o Y,03, major:
cubfc, minor: tetragonal; all ~ 85% dense), sintered at 1600°C for 2 hrs. Inter-

granular fracture (Fig. 6a) was typical of the high monoclinic materials, sugges-

ting that the crack path followed the intergranular microcracks produced during
fabrication as a result of the phase transformation. Such materials were quite
friable. 1Irregular, transgranular fracture was typical of tetragonal materials
(Fig. 6b). The irregular fracture topography of individual grains may be a re-
sult of the cracks interacting with the complex internal structure of the twinned
monociinic grains. Fig. 6b also indicates that intergranular microcracks were
not produced ahead of the crack front, because of the stress-induced transforma-
tion, i.e., if microcracks were present, the fracture surface would resemble that
shown in Fig. 6a. A smooth transgranular fracture surface was typical for the
cubic materfals (Fig. 6¢c). The porosity (~ 15%) associated with these materials

is easily recognized in the cubic material because of the near planar topography

*The elastic modulus of dense Zr0,(t) is 207 GPa.8 the value of 165 GPa was
calculated for a material with 16% porosity.
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Fig. 6 Fracture surfaces of a) monoclinic 2r02 + 2 m/o Y203 composition,
b) tetragonal 7r0» + 3.5 m/o Y203 composition, ¢) cubic 7r02 + 7.5 m/o
Y703, and d) mixe tetragonal + cubic 7r0> + 5 m/o Y203. ATl sintered

at ?600"C/2 hrs.
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of the fracture surface. Since both the tetragonal and cubic phases produce
different fracture topographies, it was relatively easy to recognize tetragonal
grains surrounded by cubic grains for two phase compositions suc as the 5 m/o

Y,03 composition shown in Fig. 6d. This observation suggests th:t the two phases

in such compositions (3 m/o < Y,03 < 6.5 m/0) are present as Separate grains,
H instead of tetragonal precipitates within a cubic matrix as produced by fabri-

cating in the cubic phase field and quenching into the tetragonal + cubic phase

field.?
4, Conclusions
i g Retention of the tetragonal phase was found to depend on both density

and grain size. The dependence on density is consistent with the need for self-

constraint and with the concepts developed regarding the thermodynamics of the

martensitic reaction in an elastically constrained matrix. The effect of Y,03 on
the critical grain size is consistent with the theory relating the chemical free
energy change to the size effect produced by surface phenomena (e.g., twinning

and microcracking) tnat can accompany the transformation.

The contribution of the stress-induced transformation to the fracture
toughness is significant and is directly retated to the volume fraction of the
retained tetragonal phase. Theory developed to explain this contribution is in
good agreement with experimental data validating the concept that the transforma-
tion's contribution 1ies with the work done to unconstrain the martensitic reac-

tion. Fractography indirectly supports this concept.
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TRANSFORMATION TOUGHENING
PART 4: FABRICATION, FRACTURE TOUGHNESS AND STRENGTH OF A1203/Zr02 COMPOSITES
F.F. Lange
Structural Ceramics Group

Rockwell International Science Center
Thousand Oaks, California 91360

ABSTRACT

Three A1203/Zr02 composite series, containing 0, 2 and 7.5 mole % Y203,
were fabricated for fracture toughness determinations. Without Y503 additions,

tetragonal Zr0, could only be retained up to ~ 10 volume % IrQ,; additions of

2 m/o Y03 allowed full retention up to 60 v/o Zr0,. Cubic Zr0, was produced

with additions of 7.5 m/o Y,03. Significant toughening and strengthening was

achieved when tetragonal Ir0, was present.

1. Introduction
In Part 1(1) of this series, the thermodynamics of a constrained phase
’ transformation was presented, with particular reference to the size effect asso-

ciated with retaining the high temperature phase. Part 2(2) presented the theory
concerning the contribution of the stress-induced transformation to fracture

toughness. Part 3(3) reported experimental observations concerning retention of

tetragonal Zr0, and its contribution to fracture toughness for a series of materi-
als fabricated in the Zr0,-Y,07 system. The theory shows that both the critical
inclusion size and the contribution to fracture toughness can be increased by

chosing a constraining matrix with a higher elastic modulus relative to ZrQ,.
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The A1,03-Zr0, system was chosen for this study because Al,03 has
approximately twice the elastic modulus of Zr0, (390 GPa vs 207 GPa) and both
phases are chemically compatible with one another.(4) C1aussen(5) has already
demonstrated that A1203/Zr02 polycrystalline composites could be fabricated, and
he also has demonstrated‘s) that tetragonal Zr0, could be retained in volume
fractions up to 0.17. The intent of the present work was to fabricate a series
of A|203/Zr02 composite materials from one end-member to the other and to retain
the Ir0, in its tetragonal state. Initial studies indicated that within the
range of fabrication parameters investigated, “"pure" tetragonal Ir0, could only
be retained in volume fractions < 0.10. Based on theoretical considerations
(Part 1) and retention studies in the Zr0,-Y,03 system (Part 3), it was found
that additions of 2 m/o Y,03 to the composite powders would allow the retention
of the tetragonal phase to much greater volume fractions of Zr0,. Thus, this
series of materials formed the principal base for investigating the contribution

of the stress-induced phase transformation to fracture toughness and strength.

2. Experimental
2.1 Fabrication and Phase ldentification

Three composite series were fabricated for this study: one containing
pure Ir0, with volume fractions up to 0.20, one containing Zr0, + 2 m/o Y203* in
which tetragonal Zr02 was retained, and one containing Zroz + 7.5 m/o Y203 in

which cubic Zroz was obtained. The latter composite series was used for base

*m/o = mole %, v/o = volume %

2
C2707A/jbs




‘l Rockwell internatio

Science Center

SC5117.117R

1ine information where transformation toughening was not a phenomena associated

with the material's fracture mechanics.

Sub-micron powers were used.” Y503 was introduced as soluble yttrium
nitrate.' Composite powders were mixed by ball-milling with methanol and Al,03
balls in a plastic container. All powders were dried; those containing yttrium
nitrate were calcined at 400°C for 4 hrs. Densification was achieved by hot-
pressing. Most Y,03 containing compositions were hot-pressed at 1600°C/2 hrs;
compositions containing 0.8 and 1.0 volume fraction Zr02(+2 m/o Y203) were hot-
pressed at 1400°C in order to achieve a smaller grain size which allowed the
retention of tetragonal Zr0,. The non-yttria composites were hot-pressed at
1500°C, again to achieve a smaller grain size for optimizing the retention of

l tetragonal ZrQ,. The pure Al1,03 end-member was hot-pressed at 1400°C to achieve

a grain size comparable to the two-phase materials (the introduction of one end-

member into the other limited grain growth).

Archimedes' technique was used to measure density of the 5 cm diameter
billets. Specimens were cut, ground and poHshed§ prior to phase identification
by x-ray diffraction analysis. Two-theta scans between 27° to 33° were used to
estimate the tetragonal/monoclinic Zr0, ratio, and scans between 55° to 62° were

used to confirm either the tetragonal or the cubic Ir0, phase.

*A1,03: Lindy B, Union Carbide Corp.; Zr0,: Zircar Corp.

tResearch Chemicals Inc.

§Surface damage caused by cutting and grinding causes the surface to transform.
Polishing decreases the depth of the transformed surface layer.
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2.2 Mechanical Measurement

Young's modulus (E) of selected compositions was measured at room
temperature by the resonznce technique with two modes of vibration: flexural

(9 kH3) and extensional (60 kH3).

The critical stress intensity factor (Kc) was measured on polished
specimens by using the indentation technique (20 kgm load) developed by Evans
and Charles.(7) Hardness (H) data was also obtained. Three measurements were

made for each material.

Flexural strength measurements were obtained in four-point bending
(inner span: 1.22 cm, outer span: 2.54 cm) on diamond cut specimens (approxi-

mately 0.32 x 0.32 cm cross sectional) finished with a 220 grit diamond grinding

wheel.
3. Results
3.1 Fabrication and Phase Ildentification

Table 1 lists the fabrication conditions for the compositions reported
here and their respective average properties. In the series which excluded
Y503, high proportions of tetragonal could only be retained up to ~ 10 v/o ZIr0,.
In the series containing 2 m/o Yp03, tetragonal ZrQ, was fully retained up to ~
60 v/o Zr0,. Cubic Zr0, was the only Ir0, structure observed in the series

containing 7.5 m/o Y,03. No 4/A1 oxide compounds were observed.

Lattice parameter measurements reported by Scott(s) and confirmed in

the present work are a = 5.0904, c = 5.i74A for the tetragonal (+2 m/o Y,03)

4
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structure and a = 5,135& for the cubic structure. Using these values and the
formulation Iry_xYx02_(x/2)» the theoretical densities for the tetragonal and
cubic structures were calculated as 6.09 gm/cm3 and 5.97 gm/cm3, respectively.
Measured densities for the two composite series containing either the tetragona)
or the cubic phases obeyed the rule of mixtures for the end-members (A1203, p 3

3.98 gn/cm3), indicating that theoretical density was achieved during

,.—.,r,v

fabrication.

Figure 1 illustrates microstructures of the polished surfaces typical
of the A1,03/71r0, composites (cracks present were purposely propagated from
hardness indents). The observed agglomeration of the minor phase in occasional

groups of 2 - 5 grains indicates that the dispersion could be improved. The

average 1r0, grain size for the composite materials was dependent on the
fabrication temperature, viz. ~ 0.2 um at 1400°C, ~ 0.5 ym at 1500°C and ~ 1 um
at 1600°C. The average grain size for the single phase end members was ~ 2 um

for A1203 and ~ 0.5 um for Zroz.

As reported in the Appendix, hot-pressed billets containing > 30 v/o
A1,03 contained large surface cracks as observed by fluorescent dye penetration.
Although small crack-free specimens could be cut and polished for K. measure-
ments, larger bar specimens invariably contained one or more cracks, which re-

stricted meaningful strength measurements to composites containing < 30 v/o

ZTOZ.

5
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Fig. 1 SEM micrographs of polished surfaces of A1203/Zr02 (+2 m/o Y§03)
composites at Zr0p volume fractions of 0.063, 0.123, 0.45 and 0.80.

A1203 is dark phase.
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3.2 Hardness

Figure 2 illustrates the Vickers hardness (20 kgm) for the A15043/2r0,
(+2 m/o Y,03) series, suggesting that the hardness obeys a linear rule of
mixtures. The 20 v/o Zr0, (pure) composition had an exceptionally low hardness
{see Table 1). 1Its high monoclinic content and friable nature suggested that it e
contained a high density of microcracks. SEM observations adjacent to the
hardness indent in this material indicated that the indenter pushed the

microcracked material aside as it extended into the interior.

3.3 Young's Modulus

Figure 3 reports the Young's modulus of the Al,03/2r0, (+2 m/o Y503)

series obtained from the two resonance techniques.

3.4 Critical Stress Intensity Factor

Figure 4a reports K. as a function of composition for the two series 7
containing Y,03. A considerable increase in fracture toughness could be
achieved with the addition of the tetragonal Ir0, (viz. the 2 m/o Y,03
series). In contrast, the additfon of cubic Zr0, lowered the fracture toughness
(viz. the 7.5 m/o Y,03 series). Figure 4b shows that the peak in K. for the
series that excluded Y03 corresponds to the maximum retention of the tetragonal

phase in this series.

7
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Fig. 3  Young's modulus vs composition for the A1,03/Zr0, (+2 m/o Y,03) series.
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3.5 Strength

Flexural strength determinations for the series containing 2 m/o Y,04
are shown in Fig. 5. Since it is known that surface grinding can result in
compressive surface stresses in these types of meterials, a set of specimens
were annealed at 1300°C prior to testing to eliminate the transformed surface
Jayer. Annealing resulted in a lower average strength. It is interesting to
note that significant strengthening of A1,03 can be achieved by adding the

tetragonal ZrQ0, toughening agent.

4. Discussion
4.1 Retention of Tetragonal Zr0,

Part 1 of this series showed that the critical grain size for retaining
the high temperature, tetragonal structure of ZrQ0, could be increased by increas-
ing the elastic modulus of the constraining matrix and by alloying to decrease
the chemical free energy change. Data presented here are consistent with these
theoretical conclusions. Namely, without Y,03 additions, retention of tetragonal
Zr0, became more difficult as the elastic modulus of the composite decreased.
Additions of 2 m/o Y503 resulted in phase retention to much large Zr0, volume
fractions, despite the decreased modulus and.larger grain size. Part 3 of this
series showed that the critical grain size for Zr0, (+2 m/o Y,03) was ~ 0.2 um
when the constraining matrix was ZrQ,. The current study shows that the critical
grain size can be increased to at least 1 um with the higher modulus of the
A1,04/1r0, constraining matrix. Also note that as the composition approached the
Ir0, end-membor, the fraction of retained tetragona) phase decreased.

12
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Fig. 5 Flexural strength vs composition for the Al,03/2r0, (+2 m/o Y,03)
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4.2 Fracture Toughness

Fracture toughness data presented in Figure 4 clearly illustrates that
the tetragonal phase is the toughening agent. When cubic Zr0, is incorporated
into A1203, the woughness decreases. This may be a result of residual stresses
associated with differential thermal expansion. Data for the series which
excluded Y503 indicate that the toughness decreased with increasing monoclinic

content.

Part 2 of this series presented an expression for Ke:

1/2

_ 2
Ke =1%o *

c
2(1aG"{ - AUsef) ECViR ()
? ]
(1 - vc)

where Ko is the critical stress intensity factor for the composite without the
transformation toughening phenomena, (|aG¢| - Ngaf) s the work done per unit
volume to stress-induce the transformation, E. and v. are the elastic properties
of the composite, V; is the volume fraction of the tetragonal Zr0, and R is the
size of the transformation zone adjacent to the crack. By using the measured
values of K. for the series containing the tetragonal Ir0,, the values of K,
obtained from the series containing cubic ZrQ,, E. from Fig. 3, v. = 0.25 and
assuming that R = 1 um (i.e., the average grain size for this series when V; <
60 v/o Ir0,), the average value of (1a6St - Mgof) was calculated as 188 M) /m@
for compositions containing < 60 v/o tetragonal ZrQ,. The agreement of the
experimental data with this value is shown by the solid line drawn through the
A1,03/1r0, (tetragonal) data. Although this value is in good agreement with
that calculated in Part 3 for the Zr0, + 3 m/o Y,03 material (188 MI/m3 vs 176

; MJ/m3), this agreement may be fortuitous since the magnitude of the terms in
§ 14
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(1a6¢) - Ao f) are expected to be different for the two systems. Namely, | oGS}
should be greater for the IrQ, + 2 m/o Y203 composition relative to the Ir0y + 3
3/6 Y,04 composition, and aUgo should be greater for the higher modulus

A1,03/2r0, constraining matrix relative to constraint with ZrQ, alone.

As shown in Fig. 4a, good agreement between theory (Eq. 1) and data is
obtained for compositions containing < 0.45 v/o Zr0,. Poor agreement is
obtained at higher volume fractions. This lack of agreement may be due to the
Tack of total retention of the tetragonal Zr0, when V; > 60 v/o, the smaller
grain size of the higher Zr0, compositions and/or a compositional difference due

to the apparent oxygen deficiency of the Zr0, (see the Appendix).

4.3 Strength

The strengtk data presented in Fig. 5 has been analyzed to determine
its dependence on the experimental K. values. In this analysis, it was assumed
that the crack size distribution responsible for failure remained unchanged from
material to material. With this assumption, the strength of each material

should be related by their respective critical stress intensity factors:

%= g o (2)

This relation was used with the average strength and KC for the pure A1203 to

obtain the broken line in Fig. 5. As shown, three of the original five sets of

data were in good agreement with this analysis, but two of the data sets (viz.
Vp = 0.182 and 0.235) were higher than predicted.

15
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Pascoe and Garvie(g) have shown that surface compressive stress arises
in materials containing metastable, tetragonal Zroz when the transformation at
the surface s induced by an abrasion process. The volume increase associated
with transformed surface layer gives rise to the compressive stresses. Since
each set of strength specimens was independently surface ground, it was
suspected that several of these sets (the two that resulted in the higher
values) may have received surface damage to impart sufficient surface
compressive stresses to increase their strength. To test this hypothesis, a
small task was initiated to examine the effect of surface abrasion on
strength. Although the principal results of this task will be reported
elsewhere,(lo) it was shown that when the abrasively ground specimens were
annealed at 1300°C to eliminate the transformed surface layer, the average
strength was lowered to that expected from Eq. (2}. These data are shown by the

open triangle in Fig. 5.

It can be concluded that the strength of the A1,03/Ir0, (+2 m/o Y,03)
composite materials increases proportionally to their increase in K. as
expected. Additional strengthening can be obtained by compressive stressing the
surfaces through abrasion. Studies are currently underway to characterize and

optimize the abrasion phenomena.

16
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APPENDIX:
FORMATION OF SURFACE CRACKS DURING THE HOT-PRESSING
OF A1,03/A1,03 COMPOSITES

_As indicated in the text, Al,03/1r0, composites containing > 30 v/o
Ir0, hot-pressed in graphite dies were observed to contain large surface
cracks. Although the exact cause of the stresses that give rise to these cracks
is beyond the scope of the present work, observations do exist to fndicate a

probable cause.

The color of hot-pressed Al,03/Zr0, composite billets changes from a

Tight grey to black as the Zr0, volume fraction increased to 1. A color
gradient also exists within a sectioned billet, darker on the outside, lighter
near the center. This color gradient indicates a compositional gradient. Black
Zroz can also be produced at high temperatures in vacuum, and Zr0, is known to

lose oxygen in high temperature, low oxygen environments.

XRD examination did not reveal phases other than the Zr0, structures
indfcated in the text (Table 1). Surface and interior phases were the same

(precise lattice parameter measurements were not performed).

Oxidation in air at 1300°C transformed the grey to black specimens to
pure white. Sectioned, oxidized specimens would reveal a dark core for short
oxjdation periods. Oxidation resulted in moderate to severe surface spalling
for compositions containing > 30 v/o Zr0,. The 100 v/o ZrQ0, specimens could be
completely oxidized in 15 minutes at 750°C due to severe cracking.

17
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The above evidence suggests that the dark color is consistent with an

oxygen difficient Zr0,. Ruh and Garrett(ll’ have shown that the oxygen

’ difficient Zr0, has a smaller molar volume. Thus, a gradient in the oxygen
content of the Zr0, from the billet surface to its interior would result in
surface tensile stresses at the fabrication temperature. With a sufficient
volume fraction of Ir0, (e.g., > 30 v/0), these tensile stresses could be
significant enough to produce surface cracks. Likewise, oxidation would
increase the molar volume of the depleated phase to produce surface compressive

stresses and surface spalling.(IZ)
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Table 1
FABRICATION CONDITIONS, PHASE CONTENT AND PROPERTIES OF A1203/Zr02 COMPOSITES
Fabrication Density % Zroz* H E K¢
v/o Ir0, m/o Y,03 Condition (gm/cm3) Phrase (GPa) (GPa) (MPa.ml/2)
A‘203/Z|“02 (+2 m/a Y203) Series
0 - 1400°C/2 nhr 3.98 - 17.6 390 4.89
6 2 1600°C/2 hr 4.12 100+ 16.8 - 5.97
12.3 2 1600°C/2 hr 4,26 100t 15.9 - 6.22
18.2 2 1600°C/2 hr 4.38 100t 16.1 356 6.58
23.9 2 1600°C/2 hr 4.50 100t 16.4 - 6.38
29.5 2 1600°C/2 nhr 4.62 100t 15.7 - 7.43
45.0 2 1600°C/2 hr 4.89 trm 15.1 291 8.12
60.0 2 1600°C/2 hr 5.24 H5¢ 13.7 - 7.45
80.0 2 1400°C/2 hr 5.57 -85t 12.6 237 6.79
100.0 2 1400°C/2 hr 6.01 ~80t 11.6 210 6.62
A1,03/2r0, (pure) Series
7.5 - 1500°C/2 hr 4.12 90t 17.2 - 5.88
10.0 - 1500°C/2 hr 4.15 ~80t 15.8 - 6.73
12.5 - 1500°C/2 hr 4.22 ~70t 16.9 - 6.21
15.0 - 1500°C/2 hr 4.25 50t 17.3 - 5.71
20.0 - 1600°C/2 hr - <20t 10.1 - (5.25)
A1,03/2r0, (+7.5 m/o Y,03) Series
20.0 7.5 1600°C/2 hr 4.46 100¢ 15.8 - 4,54
40.0 7.5 1600°C/2 hr 4.89 100¢ 15.9 - 3.7%
60.0 7.5 1600°C/2 hr 5.28 100¢ 15.0 - 3.50
80.0 7.5 1600°C/2 hr 5.63 100c 14.3 - 3.14
100.0 7.5  1600°C/2 hr  5.95 100c  11.4 - 3.90 |
t = tetragonal
¢ = cubic
trm = trace monoclinic
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TRANSFORMATION TOUGHENING
PART 5: EFFECT OF TEMPERATURE AND ALLOY ON FRACTURE TOUGHNESS

F.F. Lange
Structural Ceramics Group

Rockwell International Science Center
Thousand Oaks, California 91360

ABSTRACT

The critical stress intensity facor (K.) of materials containing tetra-
gonal Zr0, was found to decrease with increasing temperature and Ce0, alloying
additions, as predicted by theory. The temperature dependence of K. was related
to the temperature dependence of the chemical free energy change associated with
the tetragonal » monoclinic transformation. Good agreement with thermodynamic
data available for pure Zr0, was obtained when the size of the transformation
zone associated with the crack was equated to the size of the IrQ, grains. The
Ke Vs Ce0, addition data was used to estimate the tetragonal, monoclinic, cubic

eutectoid temperature of 270°C in the 1r0,-Ce0, binary system.

1
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1.0 INTRODUCTION

In Part 2,(1) theory was presented showing that the contribution to

é fracture toughness (Kc) by a stress-induced transformation is proportional to
the chemical free energy change (}aG®|) associated with the transformation. For
the Zr0, (tetragonal) » Zr0, (monoclinic) transformation, | AG¢) 1s known to
decrease with increasing temperature and with alloying Zr0, with Y503, CeO,

etc. In this part of the series, experiments were designed to measure Kc as a
function of temperature and alloy content. The temperaure dependence of K. was
measured on polycrystalline Ir0, and two-phase Al,03/Zr0, materials in which 2
m/o Y503 was alloyed with the Ir0,. The fabrication conditions and general

properties of these materials have been reported in Part 8.2

A series of A1,03/Zr0, materials in which Ce0, was alloyed with the

Ir0, phase was used to determine the effect of alloy content on K.. As shown in
Fig. 1, Ce0, was a good candidate for this study since it forms an extensive
solid-solution, tetragonal Zr0, phase field and lowers the tetragonal + mono-
clinic transformation temperature to < 25°C at ~ 20 m/o Ce0y.* Initial Zr0,-
Ce0, sintering studies were not successful, i.e., higher CeOZ contents (added to
Ir0, powder as a soluable nitrate) resulted in a low density material. Hot-
pressing was avoided, since Ce0, reduces to Ce,03 in environments produced by

graphite dies. Attempts to sinter Al,03/30 v/o Ir0, composite powders con-

taining Ce0, were successful in terms of density and phase content. Thus, these

*In contrast, the working tetragonal phase field with Y,03 additions is limited
to cgmpositions between 2 and 3 m/g Y503 in both single phase tetragonal
Zr0,° and A1,03/1r0, compositions.
2
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composite materials were chosen for the fracture toughness vs alloying content

studies.
2.0 EXPERIMENTAL

2.1 Temperature Dependence

Four materials were chosen for this study. Three of these were hot-
pressed as detailed in Part 4.2 A1,03/29.5 v/o 1r0, (+2 m/o Y203), A1,04/45 v/o
Ir0, (+2 m/o Y,03) and Zr0, (+2 m/o Y,03). The fourth material was a A1,03/30
v/o Ir0; (+2 m/o Y,03) composite sintered to 97% of theoretical density in air
at 1600°C/1 hr in which Zr0, was retained in its tetragonal state. The compos-
jte powders were prepared for sintering by mixing the required weight fractions
of Al,03,* Zr0,** and yttrium nitrade*** by ball milling in methanol (A1203
balls and plastic bottle), drying, calcining at 500°C/4 hr3, and isostatic
pressing at 350 MPa. Small bar specimens cut from each material were polished
in preparation for K. measurements.

4 was used to

The indenta“~ion technique, developed by Evans and Charles,
measure K. over the r. nge of -196°C (11iquid nitrogen) to 700°C. A Vickers
diamond indentor mounted in tungsten carbide was used with the device which
maintained a constant specimen temperature within the range noted. The device
consisted of an internally heated copper post, mounted within a metal flask.

The flask was attached to an x-y stage used to translate the specimen relative

¥ Indy B, Union Carbide Corp.
**Z{ircar, Corp.
***Research Chemicals Corp.

4
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to the indentor. The stage was mounted on top of a local cell and was insulated
from the flask with a machinable ceramic. The specimen was spring-clip loaded
in a copper well attached to the post. A chromel-alumel thermocouple, spring-
clip Yoaded to the external face of the specimen, was used to record tempera-
tures. For the KC measurements at temperatures < 25°C, the flask was externally
insulated and filled with 1iquid nitrogen. The nitrogen was allowed to slowly
evaporate to achieve the desired specimen temperature. For measurements at
higher temperatures, the flask was filled with insulating ceramic fiber, and the
internal heater was controlled to achieve the desired temperature. Argon was
forced into the metal flask to protect the copper parts and diamond from
oxidation. Between measurements the indentor was held just above the specimen
to avoid a large temperature differential when the indentor was again forced
into the specimen at 20 Kgms. A single specimen was used for the complete

temperature range investigated; two measurements were made at each temperatures.

Flexural strengh measurements were made with one of the hot-pressed
materials [A1203/29.5 v/o Ir0, (+2 m/o Y503)} over the temperature range in
which K. measurements were made. Bar specimens (0.3 x 0.6 x> 3.0 cm) were
diamond cut and ground and then annealed at 1300°C for 24 hr to eliminate the
surface compressive stresses developed due to the transformation of surface

material during grinding.2 Three strength measurements were made in liquid

nitrogen, a mixture of dry ice and methanol, room temperature and in air at

higher temperatures.

5
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2.3 Effect of Alloying

As indicated above, a series of A1,03/30 v/o Ir0, composite materials
in which Ce0, was incorporated were found suitable for fracture toughness vs
alloying content studies. Composite powders containing the appropriate weight
fractions of A1,03,* Zr0,** and Ce0,*** were mixed and milled together in
plastic bottles containing methanol and Al1,03 mill balls, dried by flash evapo-
ration, calcined at 500°C/16 hr, isostatically pressed into plates and sintered
at 1600°C/1 hr. Sixteen compositions containing a Ce0, content between 6 to 22
m/o CeOz were fabricated. Densities of these composites ranged between 94% and

98% of theoretical, based on the density of tetragonal ZrQ, calculated using the

lattice parameter of a = 5,126 A and ¢ = 5.224 A reported by Duwez and 0del.?
X-ray diffraction analysis of the sintered surfaces showed that 100% of the Zr0,
was retained in its tetragonal structure for compositions containing » 12 m/o
Ce0p. Trace amounts of cubic Zr0, were observed for compositions containing 21
and 22 m/o Ce0p, consistent with previous phase equilibria studies.> Increasing
amounts of monoclinic Zr0, were observed as the Ce0, content decreased from 11
m/o to 6 m/o. Based on these observations, composites containing > 11 m/o Ce0,
were cut and polished for fracture toughness measurements at room temperature as

described above.

*_indy 8, Union Carbide Corp.
**Sub-micron Zr0,, Zircar Corp.
***Added as Cerrium Nitrate, Research Chemicals Corp.

6
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3.0 RESULTS

3.1 Temperature Dependence

Figure 2 illustrates that the fracture toughness decreases with
increasing temperature for the four materials investigated. High, low and
average values of K. are defined by the scatter bar at each temperature. These

data were fit to a linear equation:

Ke=A-nmT (1)

where T is temperature in degrees centigrade and the constants A and m are given

in Table 1.
Table 1
Constants Defining Temperature Dependence of K.
Material Fabrication A m Correlation
Conditions  (MPa-mt/2) (Mpa.mi/2 c°-1) coefficient
A1,03/29.3 v/o Zr0; Hot-Pressed 7.56 0.0044 0.95%

(+2 m/o Y,03)  1600°C/1 hr

A1,03/45 v/o Zr0, Hot-Pressed 6.78 0.0029 0.92
(+2 m/o Y,03) 1600°C/1 hr

Zr0, (+2 m/o Y,03)  Hot-Pressed  8.40 0.0041 0.99*
1600°C/1 hr

A1,03/30 v/o 2r0,  Sintered 9.96 0.0054 0.97
(+2 m/o Y,03)  1600°C/1 hr

*Nata at 100°C excluded.

7
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The flexural strength data for the A1,03/29.3 v/o Ir0, (+2 m/o Y,03)
conposiies are shown in Fig. 3. These data show that strength decreases with
increasing temperature. The dashed 1ine illustrates the expected temperature
behavior of strength, based on the temperature behavior of K. as reported in
Table 1 for this composition and normalizing all data to the room temperature

value.

3.2 Effect of Alloying

Figure 4 reports the K. data vs the Ce0, addition to the Zr0, in the
A1,03/30 v/o Zr0, sintered materials. Data obtained for the composition con-
taining 11 m/o Ce0, is low due to its substantial (~ 30 %) monoclinic Zr0, con-
tent. Over the range where only the tetragonal Ir0, phase is observed (12-20 m/o
Ce0y), K. decreases with increasing Ce0, content. K. appears to level off to
~6 MPa-mI/2 at the reported tetragonal/cubic phase boundary (compositions
containing > 20 m/o Ce0,). A linear relation was assumed over the range of

12-20 m/o Ce0p, resulting in the relation:
Ke = (10.32 - 0.202 M) Wa - mt/2 | (2)
where M = mole% Ce0,.
4.0 DISCUSSION

In Part 21 of this series, it was shown that the fracture toughness of
a brittle material containing a phase which would undergo a stress-induced

9
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transformation could be expressed as

1/2

. K2 . 2viEcR(lAGcl - Ausef)
¢ () 2
(1 - vc)

where K, is the critical stress intensfty factor for the composite without the
transformation toughening phenomena, E. and v, are the elastic properties of the
material, V; is the volume fraction of the phase which could undergo the stress-
induced transformation, R s the size of the transformation zone adjacent to the
crack and (]aGC) - AUGf) is the work loss per unit volume during the stress-
induced transformation. Since the magnitude of the chemical free-energy change
associated with the transformation, |AGS], is expected to exhibit the greatest
dependence on temperature and alloying relative to the other factors, it was
predicted that the contribution of the stress-induced transformation to fracture
toughness (i.e., the second term in Eq. (3)) would have the same temperature and
alloy dependence as {aG¢|. Based on the known temperature and alloying depend-
ence of |aGS| for the Zr0y(t) » Zr0p(m) transformatfon, K. is expected to decrease
with increasing temperature and alloying content which is the general result shown
in Figs. 2 and 4, respectively. The following paragraphs present more detailed
analysis and discussions of these data with reference to Eq. (3).

4.1 Temperature Dependence

Based on the assumption that [aGC| 1s the only temperature dependent
factor in €q. (3), data obtained during this study and reported fn Part 42 were
used to calculate (1a65| - alUg f) as a function of temperature for comparison

12
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with the known temperature dependence of |AGS| for the transformatfon of pure
Zroz.6 This calculation started by determining the size of the transformation
zone, R, for each material at room temperature, using the average room temper-
ature value of (|AGE| - AUg.f) calculated in Part 4 for a series of Al503/Ir0,
composites, values of K, and E. reported* for each material in Part 4 and room
temperature K. values reported here. Table 2 lists these values and the
resulting value of R as determined by rearranging Eq. (3). It should be noted
that in Part 2, it was hypothosized that R = the grain size; calculated values
of R shown in Table 2 are consistant with the grain sizes of the Ir0, phase
reported for the hot-pressed materfals in Part 4. |

In the next step, values of K. vs temperature reported in Table 1 and
the assumed temperature indépendent values of Ko» Ecs Voo Vi and R reported in
Table 2 were used to calculate (AGS - AUg f) as a function of temperature for
each material by rearranging Eq. (3). These results are shown in Fig. 5;**
Table 2 also reports the slope of each line (8(1aG°] - AU F)/oT) and the
temperature where (1aG¢| - Mgof) = 0, (Ty). The fifth 1ine drawn in Fig. 5 s

the temperature dependence of |aGS| for pure Ir0, as previously reported by
Whitney.5

The calculations shown in Fig. 5 contain three results, which adds
greater confidence to the validity of the theoretical fracture mechanics
calculations (Eq. (3)). First, since 1aG°| is expected to exhibit the greatest
temperature dependence relative to other factors in Eq. (3), the slopes of the

s 1n Par was assumed to be 0.25.
**The four 11n¢s goincide at 25°C sincs 1t was assumed in step one that all
materials had the same value of ([4G6°| - algef) at 25°C.
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four 1ines in Fig. 5 should be the same as 8)aG%)/8T for Zry 96¥p.040).98 (Zr0
+ 2 m/0 Y,03). Although 14G°| vs temperature data do not exist for this solid-
solution compound, it is important to note that the slopes are nearly coincident
(see Table 2) for that of pure Zr0, as reported by Hhitney.s Second, the
temperature (T,) where (1aG°] - aUgof) = 0 1ie within the range of
transformation temperatures {where AGS = 0) (see Table 2) for Iry.96Y0.04%1.98
powder.7’8 This result suggests that the resfdual strain energy associated with
the 2r0, grains that contribute most to the fracture toughness is very small,
viz. Ausef = 0. Third, the slope of the lines in Fig. 5 critically depend on
the value of R chosen, {.e., larger or smaller values of R would not have
resuited in the good agreement with 5146} /8T for pure Ir0p. Values of R
calculated from room temperature data* (Step 1) not only result in reasonable
slopes for §1aGC|/sT, but they are also in good agreement with the size of the
Zr0, grains as hypothesized by theory.

4.2 Effect of Alloying

Based on the assumption that |aGS| is the only factor in Eq. (3)
affected by alloying Ce0, with Zroz. the Kc results presented in Eq. (2) have
been used to calculate the combined factor (1aGC| - aU¢FIR. The linear

expression resulting from combining Eq. (2) and (3) with the appropriate values?

*X second approach can also be used to determine R for each material by
calculating the combined product R{|a6®] ~ aU..f) in Eq. (3) as a
function of temperature and assuming that 6(|§§ | - Mg f)/8T = 0.248
Mem™? « C*~1 (the value of 81G.)/8T for pure Zr0,).® ﬁsing this approach,
values of R for the four nuter1gls Visted in Table 2 are 1.2 m, 1.65 i,
0.95 um and 0.34 um, respectively.

16
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Ko * 4.1 MPa m}/2, E, = 333 GPa, vc = 0.25 and V4 = 0.30 for the A1,03/30 v/o
} Ir0, (+ Ce0p) compositions is

(126°] - AU FIR = (415 - 15.8 M) MI/® . - (4)

Equation (4) can be used to estimate two thermodynamic properties of
ir0,, which again adds greater confidence to the fracture mechanisms theory as
expressed in Eq. (3). First, by extrapolating the data obtained between M = 12
to 20 m/o Ce0, to M = 0, one obtains the value of (126°] - AU FIR = 415 N/l
for pure Zr0,. By chosing R = 1.5 um, the value determined to be consistent

with the Ko vs temperature data for a similar, sintered A1203/30 v/o Ir0, com-

{ 3 posite discussed in the last section, one obtains (1a6¢| - Mg f) = 275 M /ms.
It §s interesting to note that this value agrees almost exactly with the room
temperature value of |AGS| = 290 MI/m3 for pure Ir0, as previously calculated by
Whitney (see Fig. 5). Although this near perfect agreement may be fortuitous,

it again suggests that the residual strain energy (Alg.f) associated with the

S DD U N

transformed grains adjacent to the crack surfaces can be neglected in estimating

their contribution to fracture toughness.

Second, previous phase equilibria works in the Zr0,-Ce0y binary system j
has suggested that CeO, additions in the range between 15 to 20 m/o Ce0p lowers

the tetragonal » monoclinic transformation temperature below 25°C. K. measure-
ments (see Fig. 2) clearly show that the tetragonal phase contributes to tough-
ening over the complete range of Ce0, studied (11 w/o to 22 m/o). That is, K.

{ measurements strongly suggest that the eutectoid temperature is > 25°C. Using
the fracture mechanics data, one can estimate the eutectoid temperature by

17
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assuming that aUgef = O and determing the value of M in Eq. (4) where |2GCIR =

0. This condition exists when M = 26 m/o CeO,. By constructing a line between

1200°C and 26 m/o CeO, on the Zr0,-Ce0, phase diagram and recognizing that the

tetragonal + cubic phase field exists when M > 20 m/o Ce0y, one estimates the

eutectoid temperature as 270°C which alters the phase diagram shown in Fig. 1 to

that shown in Fig. 6.

2.

3.

5.0 CONCLUSIONS

The fracture toughness of materials containing tetragonal Zr0,
decreased with increasing temperature and alloying addition, consistent

with theoretical predictions.

An analysis of the data suggests that the residual strain energy
associated with the transformed Ir0, gains can be neglected. Thus, the
equation which appears to explain the contribution of the stress-

induced phase transformation to fracture toughness can be rewritten as

1/2
2186 1E¥ R
Y P

L ] (s’
¢ 0 (1 - vc)

The fracture mechanics data, when analyzed with respect to theory as
expressed by Eq. (3), best fit the thermodynamic data for Zr0, when it
was assumed that the size of the transformation zone is the same size
as the Ir0, grains.

18
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